The effects of poly(L-aspartic acid) (PLAA) on microtubule assembly and microtubuleassociated protein (MAP) 2-actin interaction were examined in vitro. PLAA inhibited assembly of rat brain microtubules and induced rapid disassembly of already formed microtubules. Inhibition was stronger by PLAA with a high molecular weight than that by low molecular weight. The ratios of 47 kDa PLAA to microtubule proteins causing 50% inhibition of the assembly and disassembly were 0.015 and 0.04 (w/w), respectively. Both MAP 1 and MAP 2 were bound to a PLAA-Sepharose 4B affinity column, while tubulin was not retained by the column. PLAA caused selective dissociation of MAP 1 and MAP 2 from microtubules polymerized by taxol. It is therefore concluded that PLAA interacts specifically with MAPs. PLAA also inhibited the MAP 2 induced cross-linking of actin filaments, showing an almost complete inhibition at a PLAA to MAP 2 ratio of 1:5,000 (w/ w). Binding experiments of PLAA with digested MAP 2 by chymotrypsin using affinity chromatography and sedimentation experiments showed that PLAA was preferentially bound to a 35 kDa fragment which includes the microtubule-and actin-binding domain of the MAP 2 molecule. These results suggest that PLAA suppressed the functions of MAP 2 through a domain which is located in the 35 kDa fragment.
Microtubules isolated from brain tissue are predominantly composed of tubulin and several other proteins designated microtubule-associated proteins (MAPs), including MAP 1 (350 kDa), MAP 2 (270 kDa), andtauproteins (55-62 kDa) (2) (3) (4) (5) . MAPs have been shown to copurify with tubulin through successive cycles of assembly and disassembly and to promote microtubule assembly and stabilization in vitro. MAP 1 and MAP 2 appear as arms projecting laterally from the surface of microtubules and may serve as linkers between tubulin polymers and other cytoskeletal structures or cellular organelles (1, (6) (7) (8) (9) (10) (11) (12) . The interaction of MAPs with tubulin and the subsequent promotion of microtubule assembly seems to be charge-dependent, because tubulin and MAPs are acidic and basic macromolecules, respectively (13) (14) (15) . Some cations such as poly(L-lysine), poly(L-arginine), and histone can induce tubulin assembly (16, 17) , while various anions, including DNA, RNA, calmodulin, and S100 protein, inhibit the assembly (18) (19) (20) (21) . Recently we have reported that poly(Lglutamic acid) (PLGA) causes the inhibition of brain microtubule assembly (22) . To study the importance of the electrostatical interaction in the microtubule assembly, we examined the effects of the other acidic polyamino acid, poly(L-aspartic acid) (PLAA), on microtubule assembly and MAPs-tubulin and MAP 2-actin interactions. In addition, the binding domain on the MAP 2 molecule has 1 To whom correspondence should be addressed. Abbreviations: DIFP, diisopropylfluorophosphate; DMSO, dimethyl sulfoxide; MAP, microtubule-associated protein; PLAA, poly(Laspartic acid); PLGA, poly(L-glutamic acid); SDS-PAGE, polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. been identified.
MATERIALS AND METHODS
Materials-Taxol was obtained as a gift from Dr. Matthew Sutfness, National Cancer Institute, National Institutes of Health, Bethesda, Md. It was dissolved in dimethyl sulfoxide (DMSO) to a stock concentration of 2 mM and stored at -20°C. PLAA (15, 36 , and 47 kDa), PLGA (60 kDa), and a -chymotrypsin were purchased from Sigma. Molecular weight markers and CNBr-activated Sepharose 4B were purchased from Pharmacia. All other chemicals were high quality commercial grades.
Preparation of Proteins-Microtubule proteins were purified from rat brains by two cycles of temperaturedependent assembly and disassembly as described previously (23) and were stored at -80°C in 100 mM MES (pH 6.5), 0.5 mM Mg(CH 3 COO) 2 . 1 mM EGTA, and 3.4 M glycerol until use. Tubulin was obtained by phosphocellulose column chromatography (23) . Heat stable MAPs were prepared as described before (2) and MAP 2 was purified by gel chromatography. Rabbit skeletal muscle actin was isolated according to the method of Spudich and Watt (24) and further purified by Sephadex G-150 column chromatography as described (25) . Calmodulin was prepared from porcine brain by the method of Ishioka et al. (26) increasing the temperature of the protein solution from 4 to 37°C. The assembly was monitored continuously by the change in absorbance at 350 nm. After incubation for 30 min, samples were centrifuged at 100,000 X g for 30 min at 25°C. The components of supernatants and pellets were analyzed by sodium dodecyl sulfate-poly aery lamide gel (5-12.5%) electrophoresis (SDS-PAGE) (27) . Assays for MAP 2-Actin Interaction-Increase in lowshear viscosity by the cross-linking of F-actin was measured by the falling-ball viscometric technique according to MacLean-Fletcher and Pollard (28) . MAP 2 and F-actin were mixed in 60 mM MES (pH6.5), 0.5 mM Mg-(CH 3 COO) 2 , and 0.1 mM EGTA and were immediately drawn into capillary tubes. The velocity of the falling ball was measured after incubation for 60 min at 25°C. The apparent viscosity is expressed as the ratio of the viscosity of the sample to that of the actin control. The binding of MAP 2 to F-actin was also measured by the sedimentation method. Samples were incubated for 60 min at 25°C and then centrifuged at 100,000 Xg for 30 min at 25°C. The obtained supernatants and pellets were analyzed by SDS-PAGE.
Other Procedures-MAP 2 was digested with chymotrypsin (1/3,000, w/w) in a solution containing 10 mM MES (pH6.5), 0.5 mM Mg(CH 3 COO) 2 , and 0.1 mM EGTA. After incubation for 20 min at 37°C, the reaction was terminated by the addition of diisopropyl fluorophosphate (DIFP) to 2mM. PLAA was coupled to CNBractivated Sepharose 4B according to the instructions given by Pharmacia. Protein concentrations were determined according to Bradford (29) using bovine IgG as the standard or by spectrophotometric measurements using A™^ of 3.3 for MAP 2, ^2*<C of 6.5 for actin, and A^™ of 1.8 for calmodulin.
RESULTS

The Effect of PLAA on the Assembly and Disassembly of
Microtubules-The time-course of rat brain microtubule assembly was monitored by the increase in turbidity at 350 nm (Fig. 1A) . PLAA inhibited both the rate and extent of the assembly in a concentration-dependent fashion. Taxol (10 n M), a drug which binds to tubulin, relieved completely the inhibition (curve f), indicating that microtubule proteins retain the ability to polymerize during incubation with PLAA. The extent of inhibition was dependent on the molecular weight of PLAA added (Fig. IB) . The concentrations of the 47, 36, and 15 kDa PLAA required for 50% inhibition of the assembly of 1.1 mg/ml microtubule proteins were 16 (0.34), 23 (0.64), and 28 /<g/ml (1.8 /iM), respectively. These values were much lower than the concentration of tubulin (about 8 //M). On the other hand, poly(L-asparagine) exerted no effect on microtubule assembly up to 11 //M (more than the stoichiometric concentration to the tubulin dimer).
An addition of 47 kDa PLAA to already assembled microtubules induced the rapid disassembly (Fig. 2) . The disassembly required a higher concentration of PLAA as compared to the inhibition of microtubule assembly (Fig.  1) . At 25 ^g/ml PLAA, at which the assembly was almost completely inhibited, the extent of disassembly was only 43%.
Binding Components of Microtubule Proteins to PLAA -To determine the component(s) binding to PLAA, microtubule proteins were applied to a PLAA-Sepharose 4B column equilibrated with buffer A [10 mM MES (pH 6.5), 0.5 mM Mg(CH 3 COO) 2 , 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF] (Fig. 3) . Electrophoretic analysis showed that both MAP 1 and MAP 2 were retained by the column and eluted at about 600 mM KC1 in a similar manner. Tubulin was recovered in the flow-through fraction.
The interaction between PLAA and microtubule proteins was further studied using a sedimentation assay (Fig. 4) . Both MAP 1 and MAP 2 co-sedimented with tubulin (lane 1). In the presence of PLAA, microtubule formation was inhibited and only slight amounts of MAP 2 and tubulin were observed in the pellets after centrifugation (lanes 2- Fig. 1 , addition of taxol induced microtubule formation, and the amount of tubulin in the pellets was almost unchanged even when PLAA was present. However, at 16/*g/ml PLAA a large part of the MAP 1 was dissociated from the microtubules and recovered in the supernatant under our experimental conditions (lane 6). Higher concentrations of PLAA were required for the release of MAP 2 (lanes 7 and 8). These results suggest that selective dissociation of MAP 1 and MAP 2 from microtubules occurs in the presence of both PLAA and taxol. As reported by Tal et al (30) , PLAA was not stained by Coomassie Brilliant Blue R. Effect of PLAA on MAP 2-Actin Interaction-MAP 2 caused an increase in the low-shear viscosity of F-actin due to the formation of actin networks, and the presence of calmodulin reduced the actin networks only in the presence of Ca 2+ (10, 11) . Both PLAA and PLGA strongly inhibited the increase in the viscosity of F-actin by MAP 2 in a dose-dependent manner (Fig. 5) . The polyamino acids were much stronger inhibitors than calmodulin, and the inhibition was independent of Ca 2+ concentration. These effects would be caused by the inhibitory effects of PLAA and PLGA on MAP 2-F-actin interaction. The inhibitory effects were determined by sedimentation assays (data not shown).
4). As shown in
The Binding of Chymotryptic Fragments of MAP 2 to PLAA-To determine which fragments bind to PLAA, MAP 2 was digested with chymotrypsin. The products, which were shown by SDS-PAGE to consist of various polypeptides, were applied to PLAA-Sepharose (Fig. 6 ). After washing with buffer A, the binding protein was eluted at 300 to 500 mM KC1. Electrophoretic analysis showed that the bound proteins were composed mainly of a 35 kDa fragment. The unbound and bound fractions by PLAASepharose were incubated with tubulin or F-actin in the absence and presence of PLAA followed by high-speed centrifugation. The obtained supernatants and pellets were analyzed by SDS-PAGE (Fig. 7) . Although the fragments that were recovered in the flow-through fraction did not co-sediment with either tubulin or F-actin (lanes 1 and 2), the 35 kDa fragment bound to these proteins and the bindings were inhibited by adding PLAA (lanes 3 and 4) . These results strongly suggest that PLAA inhibits both MAP 2-tubulin and MAP 2-F-actin interactions through binding to a domain which is present in the 35 kDa fragment.
DISCUSSION
In our previous paper, we reported that PLGA inhibits microtubule assembly (22) . In this study, we have shown that the other acidic polyamino acid, PLAA, is also capable of inhibiting microtubule assembly and inducing the disassembly of preformed microtubules in vitro. The properties of PLAA are apparently very similar to those of PLGA. However, the inhibitory action of 47 kDa PLAA were about 2 times stronger than that of 60 kDa PLGA (Fig. 1) , which may be due to the charge density of PLAA being greater than that of PLGA. Affinity chromatography and sedimentation assays indicate that PLAA binds preferentially to MAP 1 and 2 and not to tubulin (Figs. 3 and 4 ). Brain MAPs contain tau proteins, which are known to be components of paired helical filaments found in the brains of Alzheimer disease patients (5, 31, 32) . Tau proteins from porcine brain microtubules adsorbed on PLAA-Sepharose and were eluted at the same NaCl concentration as MAP 1 and MAP 2 in the gradient (data not shown). However, the rat brain microtubule preparation contained only slight amounts of these proteins. Several reports have suggested that the MAP 2 binding region in the tubulin molecule is located within the highly acidic 4 kDa fragment of the carboxyl-terminal moiety which is generated by limited digestion with subtilisin (23, 14, 33, 34) . The peptides from this region are capable of inhibiting MAP 2 induced microtubule assembly at a molar ratio of 100 with respect to MAP 2 (50% inhibition) (14) . Assembly inhibition experiments show that 47 kDa PLAA can produce 50% inhibition at a PLAA to MAP 2 molar ratio of 0.8-1.0 (Fig. 1) . This indicates that some factors having anion clusters such as PLAA and PLGA may inhibit various functions of MAP 2 in vivo and in vitro. MAP 1 bound to tubulin was displaced by MAP 2 (35) , indicating that the binding site for MAP 1 is also located at the carboxyl terminal region of tubulin. This region is on the outer surface of the microtubule and is accessible to MAPs (36) . The tubulin binding domain on the MAP 2 molecule contains positively charged cluster(s) (38, 39) . Thus, it may be concluded that PLAA inactivates the ability of these MAPs to bind to tubulin via an electrostatical interaction with the basic regions of the MAPs.
Limited proteolysis of MAP 2 by chymotrypsin generates mainly 240 and 35 kDa fragments (39, 40) . The binding sites of tubulin, actin, and calmodulin are localized on the 35 kDa fragment, while the 240 kDa fragment constitutes a portion projecting from the wall of the microtubule (38, (39) (40) (41) . Affinity chromatography and sedimentation assays revealed that PLAA binds predominantly to the 35 kDa fragment, inactivating the tubulinand actin-binding activity (Figs. 6 and 7) . Griffith and Pollard (42) have reported that microtubules interact with F-actin through binding to MAP 2. MAP 2 and tau proteins can induce bundling of F-actin; these effects are regulated by Ca 2+ /calmodulin (10, 11) and phosphorylation-dephosphorylation (43, 44) . We also observed the inhibitory effects of PLAA and PLGA on MAP 2-F-actin interaction, which were stronger than those on MAP 2-tubulin interaction. For this reason, MAP 2 has less affinity for actin than for tubulin (37) . Thus, PLAA can be a valuable tool for the investigation of microtubuledependent cellular functions.
The number of microtubule pellets was observed to decrease with PLAA concentration in a manner closely paralleling the inhibition of microtubule assembly measured by turbidity increase (Fig. 4) . PLAA-dependent release of MAP 1 and MAP 2 from microtubules in the presence of taxol is most likely due to the different affinities of the MAPs to the microtubules, and not due to PLAA's binding to them, because both proteins were eluted by PLAA-Sepharose at the same NaCl concentration (Fig. 3) . This selective dissociation was not observed when PLGA was used instead of PLAA. We will describe elsewhere a rapid purification procedure for MAP 1 and MAP 2 using this characteristic.
